Adenosine, adenine, cyclic adenosine monophosphate (AMP), AMP, nicotinamide adenine dinucleotide, adenosine diphosphate, and adenosine triphosphate (ATP) were recovered quantitatively from aqueous portions of lipid extracts of microfouling, detrital, and sedimentary microbial communities. These could be detected quantitatively in the picomolar range by forming their 1-N6-etheno derivatives and analyzing by high-pressure liquid chromatography with fluorescence detection. Lipid extraction and subsequent analysis allowed the simultaneous measurement of the microbial community structure, total microbial biomass with the quantitative recovery of the adenine-containing cellular components, which were protected from enzymatic destruction. This extraction and fluorescent derivatization method showed equivalency with the luciferin-luciferase method for bacterial ATP measurements. Quick-freezing samples in the field with dry ice-acetone preserved the ATP and energy charge (a ratio of adenosine nucleotides) for analysis at remote laboratories. The metabolic lability of ATP in estuarine detrital and microfouling communities, as well as bacterial monocultures of constant biomass, showed ATP to be a precarious measure of biomass under some conditions. Combinations of adenosine and adenine nucleotides gave better correlations with microbial biomass measured as extractable lipid phosphate in the detrital and microfouling microbial communities than did ATP alone. Stresses such as anoxia or filtration are reflected in the rapid accumulation of intracellular adenosine and the excretion of adenosine and AMP into the surrounding milieu. Increases in AMP and adenosine may prove to be more sensitive indicators of metabolic status than the energy charge.
Adenosine triphosphate (ATP) has been widely utilized as a measure of the microbial biomass. The extraction of ATP by boiling tris(hydroxymethyl)aminomethane (Tris) buffer and its subsequent assay by firefly luciferin-luciferase (17) have been very successful when applied to water column samples. When this method is applied to sediments or the microfouling community, modifications in the methodology are required (1, 2, 23, 28, 31, 40) .
There are at least two problems in the recovery of adenosine nucleotides from environmental samples. The first is the quantitative extraction of the adenosine nucleotides from the organisms and the substrate. A control for recovery using added authentic ATP is necessary to correct for errors such as hydrolysis and incomplete extraction. The second problem involves the inhibition of the luciferin-luciferase assay system by reagents in the extraction or sample components, particularly metals, that contaminate the extraction of the nucleotides. To overcome the latter problem, the extracts are diluted 100-fold, and ethylenediaminetetraacetic acid (EDTA) is titrated into the extraction mixture to chelate the metals (23, 40) . The addition of EDTA must be carefully controlled, as magnesium is essential for the luciferin-luciferase activity. Another solution to the extracted contaminants is to bind the nucleotides to charcoal (16) or ion-exchange columns (1, 29) to allow washing before elution. The problems of quantitative recovery from charcoal have been discussed (22) . The luciferinluciferase enzyme itself must be aged to minimize the effects of contaminating nucleotide triphosphate (41) , titrated with luciferin for maximum activity (21) , and purified to prevent reactivity with non-adenosine nucleotide triphosphate (19) .
The need to assay the biomass and metabolic status of the microfouling community in aluminum pipes prompted the development of an alternative assay procedure. The acid extractions of the microfouling community of aluminum pipes release contaminating metals that require removal before the luciferin-luciferase assay can be used (1) . To be useful in environmental samples, the alternative assay proce-dures must be sensitive to ATP in the picomolar range. This precludes use of the ultraviolet absorbance of the purine rings for detection. The formation of a third conjugated ring by reaction with chloroacetaldehyde gives the fluorescent 1-N6-etheno derivatives (E-derivatives) which are detectable at the requisite sensitivity (30, 39) . This derivatization provides additional advantages. Only purines with a primary amine in the 6-position react. Cytosine, which is present at lower concentrations in the microbes, does not form an E-derivative efficiently at the conditions used for derivatization (27, 39) . Guanine nucleotides are not reactive (38) ; therefore, the reaction is essentially specific for adenosine derivatives.
A second advantage of the fluorescent adenosine nucleotide assay is the release from the inhibition of the luciferin-luciferase assay system. This allows the use of sufficient chloroform to rapidly terminate cellular metabolism and release the adenosine nucleotide pool (10) . Thus, a single extraction which quantitatively releases cellular lipids as well as the nucleotides can be used. Analysis of the extractable lipids has been shown to provide information on the biomass and community structure of the detrital and sedimentary microbiota (7, 15, 24, 37, (42) (43) (44) (45) (46) (47) .
The third advantage of the fluorescent E-nucleotide assay lies in the easy determination of all of the adenosine-containing components in the same analysis. The determination of adenosine monophosphate (AMP) and adenosine diphosphate (ADP) by the luciferin-luciferase method requires enzymatic conversion of the nucleotides to ATP (11) . These enzymatic processes are subject to the same types of inhibitions as the luciferin-luciferase assay. By directly isolating and measuring the nucleotides, the controls for luciferase inhibition are eliminated. Adenine, adenosine, and cyclic AMP would require different reactions. There are several advantages to measuring all adenosine nucleotides. ATP has extraordinary metabolic reactivity. The total ATP content of growing bacterial monocultures turns over many times per second (18, 33) . The ATP content of nongrowing bacteria can change two-to fivefold very rapidly (26, 41) . This lability suggests that combinations of adenosine components might be a better measure of microbial biomass than the ATP content. If the metabolic lability of ATP can be "quenched," then the determination of the three nucleotides allows calculation of the energy charge (3), which is a potentially useful measure of the metabolic states of the microflora (20, 25, 36, 48) . Because this method involves actually isolating the adenosine-containing components from the cells, pulse-chase radioactive labeling experiments that yield information about the kinetics of nu-cleotide formation and degradation can be done.
This study describes the extraction, derivatization, separation, and assay of the E-derivatives of the adenine-containing components from (44, 46) . A 10-ml portion of the aqueous phase was pipetted into a 250-ml round-bottom flask and quick-frozen on the walls in a dry ice-acetone bath. The methanol was removed by lyophilization with a liquid nitrogencooled trap inserted between the samples and the Thermovac (Copiague, N.Y.) lyophilizer. The water was then removed with the lyophilizer, and the samples were stored at -70°C before derivatization. If enzymatic hydrolysis of ATP proved to be a problem in particular samples, the EDTA content of the initial extracting buffer could be increased 100-fold without affecting the subsequent analysis.
To extract 10-in. (25.4-cm) sections of aluminum pipes for analysis of the microfouling community, one end was plugged with a Teflon-stainless-steel expandable plug (6) , and 57 ml of a mixture containing 12 ml of EDTA-phosphate buffer, 30 ml of methanol, and 15 ml of chloroform was added, the upper end was closed, and the pipe was shaken. After 15 min one end was opened, the mixture was transferred to a separatory funnel, and 15 ml of water and 15 ml of chloroform were added. A portion of the aqueous phase was removed and lyophilized as described above. The chloroform phase was used for lipid analysis as described (44, 46) . Adenine nucleotides analyzed by the luciferin-luciferase methods were extracted with rapid dilution into perchloric acid, followed by neutralization with icecold KOH, separation from KCIO,, and dilution (11) on October 28, 2017 by guest http://aem.asm.org/ Downloaded from or dilution into boiling Tris buffer containing EDTA (23) . These are the most effective extraction methods when using the enzymatic assays (31) .
Preparation of chloroacetaldehyde. Chloroacetaldehyde dimethyl acetal, 99% (Aldrich Chemical Co., Milwaukee, Wis.) in 100-g bottles is stable at room temperature. The free aldehyde was prepared by gently refluxing in a 1:5 (vol/vol) mixture of diacetal-5% (vol/vol) aqueous H2SO4 for 1 h. After cooling, the flask was transferred to an all-glass distilling apparatus, a partial vacuum was applied, and the free aldehyde was collected in a dry ice-acetone-cooled receiver. The vacuum was adjusted so that the chloroacetaldehyde distilled at 45 to 530C. The distillate was a 1 to 1.6 N chloroacetaldehyde solution in water containing methanol at a pH greater than 4.5 (by pH paper). If the pH were lower than 4.5, it was brought to 4.5 with 1 N NaOH. With care in the distillation essentially no sulfuric acid was transferred and pH adjustment was not necessary. The chloroacetaldehyde can be stored in a glass-stoppered flask for 1 month at 40C without loss of reactivity. This preparation is a modification of that described by Secrist et al. (39) . Chloroacetaldehyde is a mutagen (32) , so the distillation and subsequent derivatization procedures should be conducted in a fume hood.
Formation of the 1-N-ethenoadenosine derivatives. The lyophilized samples were quantitatively transferred from 250-ml round-bottom flasks to 13-mm Teflon-lined screw-capped test tubes, using three portions of water (2, 1, and 1 ml for each sample). Then 2.0 ml of the chloroacetaldehyde was added, and the tube was capped, mixed on a Vortex mixer for 30 s, and incubated in a 60°C water bath for 2 h. The derivatization was quantitative for AMP, ADP, ATP, adenosine, adenine, nicotinamide adenine dinucleotide, and cyclic AMP as reported previously (49) . The kinetics of derivatization of the adenine nucleotides is illustrated in Fig. 1 . The pH is a compromise between the alkaline lability of chloroacetaldehyde and the ionization of the primary amino group at the 6-position of the adenosine ring. Under these conditions, cytosine, but not guanine, has slight reactivity (27, 35, 38 Equipment Co., Emeryville, Calif.). The derivatized samples were redissolved in 1 ml of water, and 0.1 ml was transferred to the high-pressure liquid chromatographic injector. The 1-N6-etheno nucleotide derivatives (e-derivatives) have the ultraviolet absorbance spectra, fluorescence excitation, and emission spectra illustrated in Fig. 2 and the chromatographic mobility on Eastman cellulose sheets in isobutyric acid-ammonia-water (75: 1:24, vol/vol/vol) (39) of the authentic compounds. The a-adenosine was recovered and chromatographed with the authentic standard at Rf 0.60 on cellulose thin-layer plates (Eastern Chromatogram no. 13255), using distilled water as the solvent.
HPLC. In this study derivatives were separated by HPLC on a 4.60-mm-inside diameter stainless-steel column 25 cm long packed with Whatman Partisil 10 SAX (a microparticulate strong anion-exchange resin of 10-um particle size) with a guard column (5 by 0.56 cm) packed with Whatman AS pellicular SAX resin. The chromatograph was operated at a pressure of 80 kg/cm2 with a flow rate of 80 ml/h. It has proved prudent to change the guard column packing after 20 runs with environmental samples. 4.5) . This is essentially a modification of the system reported by Brown (8, 14) . The chromatographic separation of an environmental sample is shown in Fig. 3 (6) .
To measure the effects of anoxia and recovery from anoxia, 10-in.-long sections of the pipes were cut with a pipe cutter while the seawater was running to prevent heating stress to the fouling community. Some sections were filled with argon-purged seawater and analyzed after 10 and 45 min. Other sections were fled with argon-purged seawater, allowed to stand for 45 Chromatographic separation of the e-nucleotides from an environmental sample is illustrated in Fig. 3 . The efficiency of the column calculated as 5.54 (retention time/half peak width)2 for E-ATP was 7,000 theoretical plates.
Reproducibility. Replicate samples of adenosine, AMP, ADP, and ATP standards and of ATP from 10-in. aluminum pipes gave reproducibilities with standard deviations of 9 to 12% of the means. The recoveries (± standard deviation) of added ATP, ADP, and AMP were 97. 5 3.9, 104 ± 3.0, and 94 ± 10%, respectively (n = 6). The recovery of the added nucleotides, using the modified lipid extraction described above, was as efficient as with classical extraction methods of perchloric acid (12) , cold sulfuric acid (23) , chloroform and base (40) .
Extraction procedure. In an extraction procedure it is necessary to protect the ATP from hydrolytic enzymes that may be present in the sediment or activated in the recovery from the microbiota. The addition of sufficient EDTA to inactivate adenosine triphosphatases and shortened exposure to the standard lipid extraction procedure used for detrital, microfouling, and sedimentary samples allowed the recovery of added adenosine nucleotides extracted in the presence of E. coli preparations or in the presence of resuspended E. coli that had been lyophilized previously ( Table 1 ). The nucleotides in fresh E. coli can also be recovered quantitatively from marine sands ( Table 1) .
Preservation of the energy charge. With many environmental samples analysis in the field is not possible; therefore, preservation can be important. It proved possible to preserve the energy charge in microfouling samples by draining the pipe section, stoppering the ends of the tubing with rubber stoppers, and rapidly submerging the pipe section in a bath of dry iceacetone for 3 min. Storage at -70°C after the initial treatment for up to 1 month had no effect on the recovery. Ten-inch sections of aluminum pipes through which seawater had been pumped at (Fig. 4) .
In the estuarine detrital microbiota (Teflon sheets incubated in the subtropical estuary) it is also possible to demonstrate lability of ATP. In these experiments the estuarine water in which the detritus was suspended was deoxygenated by bubbling with argon. This produced a reversible decrease in the energy charge (Fig. 5) .
The microfouling community formed in aluminum pipes in rapidly flowing seawater shows metabolic lability of ATP when the community is subjected to anoxia for 45 min (Table 2) . There was a significant decrease in the energy charge, ATP, and total adenine-containing components. On being replaced in the flowing seawater stream for 10 min, the energy charge rebounded to high levels which were maintained. The microbial biomass measured as the extractable lipid phosphate was 0.068 ± 0.017 ymol/10-in. pipe section.
Adenosine nucleotides as measures of bi- Changes in adenine nucleotide levels in S. aureus with modification in the electron transport status. S. aureus was suspended in phosphate buffer in a syringe with an oxygen electrode in the barrel. The sample contents could be rapidly dispersed into perchloric acid for analysis of the adenine nucleotides. ATP (0), ADP (O), and AMP (A) via luciferinluciferase in the presence of appropriate enzymes. The oxygen tracing shows the addition ofthe bacteria (cells), the endogenous respiratory rate, and the rate in the presence of 10 mM sodium lactate.
omass. The metabolic lability of ATP suggests that combinations of adenosine nucleotides might be better indicators of biomass than ATP concentration alone. In linear regressions of adenosine nucleotides versus the lipid phosphate, the following determination coefficients (r2) were attained: lipid phosphate versus ATP, 0.74; ATP plus ADP, 0.81; ATP plus ADP plus AMP, 0.93 (n = 10). These data were obtained from the experiment with the estuarine detritus illustrated in Fig. 5 .
Comparing the lipid phosphate of E. coli grown in nutrient broth with the total adenosine nucleotides gave r' linear determination coefficients of 0.92 for ATP, 0.90 for ATP plus ADP, 0.89 for ATP plus ADP plus AMP, and 0.99 for plus AMP (n = 10). In each situation combinations of the adenosine and the nucleotides gave closer correlations to the biomass measured by the lipid phosphate than did the ATP alone.
Extracellular nucleotides. A possible complication of using several adenosine nucleotides to measure cellular biomass is the facility with which some microbes secrete AMP and adenosine to maintain the energy charge in times of stress (9) . Ninety-five percent of the AMP and 80% of the adenosine recovered in exponentially growing E. coli is extracellular (Table 3 ). About 35% of the AMP and 46% of the adenosine can be recovered in the washings of marine sediments, which contain essentially no microorganisms as measured by the lipid phosphate (Table  4 ). In neither of these experiments was "extracellular" ATP or ADP detected.
The stress of filtration of exponentially growing E. coli is not reflected in the energy charge or the total cellular adenosine nucleotides, which remained 1.78 ± 0.18 x 10-1o mol/ml, but was reflected in the twofold increase in cellular adenosine (Table 3) .
Relationship among energy charge, ATP, and cellular adenosine. The twofold increase in cellular adenosine with the stress of filtration of exponentially growing E. coli (Table 3) suggested that the ability to measure cellular aden- DISCUSSION Advantages of the fluorescent derivatization method of analysis. The development of an assay for adenine-containing components of environmental samples that is free of the constraints caused by the inhibition of the luciferin-luciferase enzyme system but has the required picomolar sensitivity has been achieved with the formation of the E-adenosine derivatives that are readily separable by HPLC. In a single 50-min analysis, all of the major adenosine-containing components can be measured. With recent developments the HPLC separation can be achieved in 12 min in a simpler isocratic system. A single extraction that is quantitative, preserves the ATP and energy charge, and provides the lipids for complementary analysis of the community structure (7, 44, 48) Fig. 4 and 5 ; Table 2 ). Consequently, total adenine nucleotides (AMP + ADP + ATP) or total adenine components (adenosine + AMP + ADP + ATP) gave much better correlations with extractable lipid phosphate than ATP alone in the analysis of the detrital or microfouling communities. Extractable lipid phosphate has been shown to be a measure of the living cellular (membrane) biomass (46) .
In sediments it is important to measure the intracellular levels of adenosine and AMP, as these nucleotides are lost from the cells and can be recovered in washes of the sediments (Table  4) . If washing is not practical, then the measurement of ADP plus ATP gives a better correlation with the membrane biomass than ATP alone. With the fluorescence methods, extracellular ATP or ADP has not been detected in washes of the benthic, detrital, or microfouling communities, although 10-9 to 10-10 M extracellular ATP has been detected in seawater (4) . In other studies the total adenosine nucleotides showed better correlation with bacterial dry weight than ATP alone in chemostat-grown monocultures (13) .
One of the advantages of ATP and lipid phosphate as biomass measures for the microbial community is their association with viable cells. The rapid changes in the intracellular levels of the other adenosine nucleotides and adenosine (Table 2 ; Fig. 4 and 5) suggest that the added accuracy of using multiple adenine component combinations would not obscure their utility as measurements of viable microbes. Measurement of multiple adenosine components also yields insights into the metabolic status of the microbes.
Measurements of the metabolic status.
The measurement of the adenosine nucleotides allows calculation of the energy charge, which is APPL. ENVIRON. MICROBIOL.
on October 28, 2017 by guest http://aem.asm.org/ Downloaded from known to be a sensitive reflection of the metabolic status (3, 25, 48) . Indeed, the homeostatic preservation of energy charge with various stresses leads to the rapid excretion or destruction of AMP (25) . The sensitivity of these shifts in metabolism of nucleotides to maintaining energy charge is demonstrated in the doubling of intracellular adenosine and the large amounts of extracellular adenosine and AMP in exponential E. coli subjected to filtration stress (Table 3) .
The ratios of intracellular adenosine to ATP show much greater change than the energy charge when exponentially growing E. coli are filtered (Table 3 ). In the microfouling community there is a good correlation between the ratio of cellular adenosine to ATP and the energy charge.
Extracellular AMP has been detected in several growing monocultures (31) . Resuspension and centrifugation of the estuarine sediments in this study show extracellular AMP and adenosine ( Table 4 ), suggesting that excretion of adenosine and AMP help to maintain the energy charge.
Anoxia induces decreases in energy charge in both the detrital and microfouling communities ( Table 2 ; Fig. 5 ) and increases in the intracellular adenosine content. The rapid increase in cellular adenosine may prove to be a very sensitive measure of metabolic stress.
That the actual adenine-containing compounds are isolated in this method makes possible studies using '4C-labeled precursors to follow rates of change, which should greatly increase the knowledge of the metabolic activities of complex environmental assemblies.
